Compaction is the most critical stage during pavement construction, but the real-time rheological behavior in the compaction process of hot mix asphalt has not received enough attention. Rheological properties directly reflect the of mixture performance, the intrinsic directly reflects the influencing factors of compaction, and the pavement compactness and service life. Therefore, it is important to interpret the rheological properties of the asphalt mixture during the compaction process. In this paper, the improved Nishihara model was used to study the viscoelastic-plastic properties of the hot mix asphalt in the compaction process. Firstly, the improved Nishihara model was briefly introduced. Subsequently, the stress and strain correlation curves are obtained by the MTS (Material Testing System) compaction test, and the strain-time curve is fitted to determine the model parameter values. Finally, the parameters are substituted into the constitutive equation to obtain the strain-time curve and compared it with the test curve. The results show that the improved Nishihara model effectively depicts the real time behavior of the asphalt mixture in the compaction progress. The viscos and plastic parameters present certain differences, which reflects that the gradation and temperature have certain influence on the compaction characteristics of the mixture.
Introduction
The compaction of asphalt pavement affects the performance of pavement structure and service life. Rutting, friable, pothole, and other failures usually occur when the pavement layers are not well compacted [1] [2] [3] . One of the reasons for the poor compaction is that there are no complete theories for the real time rheological properties of asphalt mixture under high temperature and non-compaction conditions. Therefore, it is necessary to establish an actual mechanical model to evaluate the deformation of the asphalt mixture during the construction compaction process.
Asphalt mixture is a kind of thermo-viscoelastic-plastic material; the flow behavior of hot mix asphalt is concluded to be directly related to the rheological properties. Its total strain includes elastic strain, viscoelastic strain, plastic strain, and viscoplastic strain [4] [5] [6] . Its mechanical properties are related to stress state, temperature, and loading time. There has been a lot of research that is aimed at using the constitutive model to predict the permanent deformation of asphalt mixture [7] [8] [9] . Various time-dependent constitutive models have been proposed in the past few decades [10, 11] . 
Materials and Mix Design
The asphalt is a CNOOC Taizhou 70# matrix asphalt, and Table 1 shows its physical properties. The aggregates used in this paper are basalt, and Tables 2 and 3 shows the physical properties. Aggregates with the size larger than 2.36 mm are coarse aggregates, and the aggregates with the size smaller than 2.36 mm are fine aggregates. The mineral filler is ground limestone, and Table 4 shows the physical properties. All of the tests are requirement Chinese standards [22] [23] [24] . Residual penetration ratio (%) 63 ≥61
Residual ductility (10 °C ) (cm) 7 ≥6
Residual ductility (15 °C ) (cm) 32 ≥15 Figure 1 . Flow chart of the materials and method used in this study.
The asphalt is a CNOOC Taizhou 70# matrix asphalt, and Table 1 shows its physical properties. The aggregates used in this paper are basalt, and Tables 2 and 3 shows the physical properties. Aggregates with the size larger than 2.36 mm are coarse aggregates, and the aggregates with the size smaller than 2.36 mm are fine aggregates. The mineral filler is ground limestone, and Table 4 shows the physical properties. All of the tests are requirement Chinese standards [22] [23] [24] . Two different types of asphalt mixtures were used in the test: Fine grain asphalt concrete (AC-13) and multi-gravel asphalt concrete (SAC-13). Figure 2 shows the gradation. Multi-gravel asphalt concrete (SAC-13) contains more coarse aggregates, which can provide deeper surface structure, smaller voids and less water permeability, and good deformation resistance. The oil-stone ratios of AC-13 and SAC-13 are 5.0% and 5.0%, and the target air voids are 6.7% and 6.5%, respectively. Two different types of asphalt mixtures were used in the test: Fine grain asphalt concrete (AC-13) and multi-gravel asphalt concrete (SAC-13). Figure 2 shows the gradation. Multi-gravel asphalt concrete (SAC-13) contains more coarse aggregates, which can provide deeper surface structure, smaller voids and less water permeability, and good deformation resistance. The oil-stone ratios of AC-13 and SAC-13 are 5.0% and 5.0%, and the target air voids are 6.7% and 6.5%, respectively. 
MTS Compaction Process
In order to get the complex parameters of the asphalt mixture compaction process and the change law of the temperature field, and to ensure the uniform distribution of aggregate. The test 
In order to get the complex parameters of the asphalt mixture compaction process and the change law of the temperature field, and to ensure the uniform distribution of aggregate. The test was carried out using a 48 Hz vibration platform, a Pt100 + paperless recorder, and a MTS810 material test system. The test plan mainly simulates pavement compaction. The asphalt mixture mixing temperature is 160 • C and the indoor ambient temperature is controlled to be about 25 • C. The mixed asphalt mixture was placed in a test piece cylinder having a diameter of 150 mm and a temperature sensor (Pt100) was buried in the mixture during the charging process. The mold containing the asphalt mixture was placed on a vibrating table for 10 s, the vibration frequency was 48 Hz, and then the mold was placed on the MTS for loading. Two parallel tests were performed on the same type of asphalt mixture.
To consider the rolling speed and the interval of the roller in a real construction project, Figure 3 shows the loading process. First compact for 60 s (initial compaction), then 15 cycles of loading (repeat compaction), and finally compact for 60 s (final compaction). The loading mode of cyclic load is: 1 s loading-2 s dead load-1 s unloading-2 s no load-1 s loading-2 s dead load-1 s unloading-30 s no load. Afterwards, repeat this cycle for 14 times. Figure 4 shows the first load cycle. Compaction load design considers SGC compaction load (generally 0.6 MPa) and relevant Chinese standards [23] . The initial and final compaction loads are 0.4 MPa, the repeated compaction loads are 0.6 MPa, and the total compaction time is 726 s. was carried out using a 48 Hz vibration platform, a Pt100 + paperless recorder, and a MTS810 material test system. The test plan mainly simulates pavement compaction. The asphalt mixture mixing temperature is 160 °C and the indoor ambient temperature is controlled to be about 25 °C . The mixed asphalt mixture was placed in a test piece cylinder having a diameter of 150 mm and a temperature sensor (Pt100) was buried in the mixture during the charging process. The mold containing the asphalt mixture was placed on a vibrating table for 10 s, the vibration frequency was 48 Hz, and then the mold was placed on the MTS for loading. Two parallel tests were performed on the same type of asphalt mixture.
To consider the rolling speed and the interval of the roller in a real construction project, Figure 3 shows the loading process. First compact for 60 s (initial compaction), then 15 cycles of loading (repeat compaction), and finally compact for 60 s (final compaction). The loading mode of cyclic load is: 1 s loading-2 s dead load-1 s unloading-2 s no load-1 s loading-2 s dead load-1 s unloading-30 s no load. Afterwards, repeat this cycle for 14 times. Figure 4 shows the first load cycle. Compaction load design considers SGC compaction load (generally 0.6 MPa) and relevant Chinese standards [23] . The initial and final compaction loads are 0.4 MPa, the repeated compaction loads are 0.6 MPa, and the total compaction time is 726 s.
The Pt100+ paperless recorder collects the temperature changes during the compaction process at a 1 s interval. The MTS computer is used to automatically record the pressure, time, and deformation during the test at a 0.005 s interval. was carried out using a 48 Hz vibration platform, a Pt100 + paperless recorder, and a MTS810 material test system. The test plan mainly simulates pavement compaction. The asphalt mixture mixing temperature is 160 °C and the indoor ambient temperature is controlled to be about 25 °C . The mixed asphalt mixture was placed in a test piece cylinder having a diameter of 150 mm and a temperature sensor (Pt100) was buried in the mixture during the charging process. The mold containing the asphalt mixture was placed on a vibrating table for 10 s, the vibration frequency was 48 Hz, and then the mold was placed on the MTS for loading. Two parallel tests were performed on the same type of asphalt mixture.
Viscoelastic-Plastic Rheological Model Theory
The Pt100+ paperless recorder collects the temperature changes during the compaction process at a 1 s interval. The MTS computer is used to automatically record the pressure, time, and deformation during the test at a 0.005 s interval. The Pt100+ paperless recorder collects the temperature changes during the compaction process at a 1 s interval. The MTS computer is used to automatically record the pressure, time, and deformation during the test at a 0.005 s interval.

Nonlinear Viscoelastic-Plastic Nishihara Model and Parameter Solving
The Nishihara model is widely used to study the rheological properties of rocks [25] [26] [27] [28] [29] [30] . However, it does not consider the effects of nonlinearity and temperature stress. A nonlinear Nishihara model is established to analyze the rheological characteristics of materials based on the theory of viscoelastic-plastic Nishihara model. The nonlinear characteristic uses the power function type ε(t) = At k (A is the test constant, k is the rheological index. Its value depends on material properties, stress levels, and temperature conditions), as shown in Figure 5 . 
The Nishihara model is widely used to study the rheological properties of rocks [25] [26] [27] [28] [29] [30] . However, it does not consider the effects of nonlinearity and temperature stress. A nonlinear Nishihara model is established to analyze the rheological characteristics of materials based on the theory of viscoelastic-plastic Nishihara model. The nonlinear characteristic uses the power function type ( ) = (A is the test constant, k is the rheological index. Its value depends on material properties, stress levels, and temperature conditions), as shown in Figure 5 . When considering the influence of temperature stress and temperature strain on the stress and strain of the material, the constitutive equation of the nonlinear Nishihara model can be written as:
where: E1 is the elastic modulus of the Hooker body; E2 is the elastic modulus of the Kelvin body; η1, η2 are the viscosity coefficients of the Kelvin body and the Bingham body stick component; σe is the applied stress; σes is the material yield stress; t is time; k is the rheological index; ΔT is the calculation of the temperature difference; and, α is the material shrinkage coefficient. The above formula fully considers the influence of factors, such as nonlinearity, time, and temperature stress of the material. Therefore, the model can more comprehensively reflect the nonlinear viscoelastic-plastic properties of the material.
The material is subjected to compressive stress and it takes a negative value, and the compaction of the hot mix asphalt mix is generally completed above 100 ° C, so the asphalt mixture is in a plastic flow dynamic, and the nonlinear viscous property is approximately linear viscous behavior, that is to take ≈ 1; at the same time, the temperature shrinkage stress = ⋅ ≈ 0 MPa (where = × 10 3 MPa， ≈ 0.1 °C ，ΔT is the within 2s loading temperature drop range). In addition, studies have shown that the higher temperature asphalt mixture has good stress relaxation performance, and the temperature stress that is generated by cooling can quickly relax to zero [31] . Therefore, the asphalt mixture pressure has no temperature stress in real time.
The constitutive equation of the nonlinear rheological model of the hot mix asphalt compaction process can be simplified as:
where: E1 is the elastic modulus of the Hooker body; E2 is the elastic modulus of the Kelvin body; η1, η2 are the viscosity coefficients of the Kelvin body and the Bingham body stick component; σe is the applied stress; σes is the material yield stress; and, t is time. Equation (2) can ignore the influence of temperature effects during the calculation of stress and strain. It not only simplifies the model theory, but it also makes the determination of model parameters simpler and easier. The meaning of all parameters is shown in Table A1 .
Model Parameter Solving
In order to simulate the road compaction process, each load cycle includes two loading and unloading. It is assumed that the temperature is the same in one cycle, but different for different When considering the influence of temperature stress and temperature strain on the stress and strain of the material, the constitutive equation of the nonlinear Nishihara model can be written as:
where: E 1 is the elastic modulus of the Hooker body; E 2 is the elastic modulus of the Kelvin body; η 1 , η 2 are the viscosity coefficients of the Kelvin body and the Bingham body stick component; σ e is the applied stress; σ es is the material yield stress; t is time; k is the rheological index; ∆T is the calculation of the temperature difference; and, α is the material shrinkage coefficient. The above formula fully considers the influence of factors, such as nonlinearity, time, and temperature stress of the material. Therefore, the model can more comprehensively reflect the nonlinear viscoelastic-plastic properties of the material.
The material is subjected to compressive stress and it takes a negative value, and the compaction of the hot mix asphalt mix is generally completed above 100 • C, so the asphalt mixture is in a plastic flow dynamic, and the nonlinear viscous property is approximately linear viscous behavior, that is to take k ≈ 1; at the same time, the temperature shrinkage stress σ T = Eα · ∆T ≈ 0 MPa (where E = u × 10 3 MPa, ∆T ≈ 0.1 • C, ∆T is the within 2s loading temperature drop range). In addition, studies have shown that the higher temperature asphalt mixture has good stress relaxation performance, and the temperature stress that is generated by cooling can quickly relax to zero [31] . Therefore, the asphalt mixture pressure has no temperature stress in real time.
where: E 1 is the elastic modulus of the Hooker body; E 2 is the elastic modulus of the Kelvin body; η 1 , η 2 are the viscosity coefficients of the Kelvin body and the Bingham body stick component; σ e is the applied stress; σ es is the material yield stress; and, t is time. Equation (2) can ignore the influence of temperature effects during the calculation of stress and strain. It not only simplifies the model theory, but it also makes the determination of model parameters simpler and easier. The meaning of all parameters is shown in Table A1 .
In order to simulate the road compaction process, each load cycle includes two loading and unloading. It is assumed that the temperature is the same in one cycle, but different for different cycle. In Equation (2) , there are six model parameters of σ e , σ es , E 1 , E 2 , η 1 , and η 2 . Each parameter is a related parameter that varies with the number of load cycles and temperature.
In the analysis of viscoelastic-plastic parameters, the first loading process curve, the second unloading process curve, and the whole viscoplastic deformation in 15 loading cycles are analyzed. Combining the rheological model constitutive equation and the nonlinear regression equation, the solution ideas of each model parameter are presented, as follows:
(1) σ e ≈ σ 0 = 0.6 Mpa. (2) Under the action of 15 loading cycles, the value of σ es in each cycle is during two loading and unloading processes. The tangent stress value at the straight line segment of the stress-strain curve at the first loading and the tangent point at the curve is taken as the σ es of the cyclic process, as shown in Figure 6 . (3) Separating viscoplastic strain, elastic strain, and viscoelastic strain solves the parameters. Firstly, E 1 is solved by the "recovery elastic strain" after the second unloading in each cycle: E 1 = σ e /ε e . Secondly, the η 1 value is solved by the "median viscoplastic strain" in each cycle: η 1 = 2(σ e − σ eS )t/ε vp (t). Thirdly, in the Kelvin body, E 2 and η 2 use the BoxLucas1 model equation y = a 1 − e −bx to perform nonlinear regression on the "recover viscoelastic strain time curve" after the second unloading in each cycle, and the parameters of the model are then obtained by calculating. The stress-strain-time response curves of the SAC-13 matrix asphalt mixture in the first cycle are taken as an example to solve the model parameters. Table 5 shows the viscoelastic plastic strain results of the SAC-13 asphalt mixture. The first step is to solve the yield stress σ es . Through the first cyclic stress-strain curve of Figure 6 , the value of the tangent point at the straight line segment of the stress-strain curve at the first loading and the tangent point of the curve is determined, and σ 1 es is obtained. In the same way, σ 2 es · · · σ 15 es can be obtained. The second step is to solve E 1 , E 2 , η 1 , and η 2 . The elastic strain, viscoplastic strain, and viscoelastic strain have been marked in Figure 7 , and the parameters of the table are solved, as follows: 
Nishihara Model Verification and Parameter Analysis
Model verification
The six model parameters σ e , σ es , E 1 , E 2 , η 1 , and η 2 are substituted into Equation (2) to obtain the strain curves when compared with the testing strain-time curves, as shown in Figure 9 . 
The six model parameters σe, σes, E1, E2, η1, and η2 are substituted into Equation (2) to obtain the strain curves when compared with the testing strain-time curves, as shown in Figure 9 . It can be seen that the flow before the third load cycle is obvious, because the early asphalt mixture is not compact enough. After the third load cycle, the deformation begins to decrease as the number of load cycles increases, because the asphalt mixture tends to be dense. It can be found the calculated value is slightly smaller than the experimental value, but the basic change law of the compression test can be simulated, and the difference between the two should be caused by the difference between the test pieces. This proves that the viscoelastic theory is used to simulate the rheological properties of hot mix asphalt in the compaction process with certain rationality and effectiveness.
Parameter Analysis
The model parameter values were calculated by nonlinear regression analysis of the response curve of the asphalt mixture. In this paper, Table 6 shows only the parameter values calculated for the fifteenth load cycle. It can be seen that the flow before the third load cycle is obvious, because the early asphalt mixture is not compact enough. After the third load cycle, the deformation begins to decrease as the number of load cycles increases, because the asphalt mixture tends to be dense. It can be found the calculated value is slightly smaller than the experimental value, but the basic change law of the compression test can be simulated, and the difference between the two should be caused by the difference between the test pieces. This proves that the viscoelastic theory is used to simulate the rheological properties of hot mix asphalt in the compaction process with certain rationality and effectiveness.
The model parameter values were calculated by nonlinear regression analysis of the response curve of the asphalt mixture. In this paper, Table 6 shows only the parameter values calculated for the fifteenth load cycle. The viscoplastic viscous coefficient η 1 characterizes the viscous effect of the viscoplastic process of the mixture, which reflects the ability of the asphalt mixture to resist deformation during the viscoplastic phase. Figure 10 indicates that, as the number of loading cycle increases, the temperature of the mixture decreases, and the yield stress and viscosity coefficient increase. The viscosity coefficient mainly increases because the viscosity of the asphalt increased when the temperature decreases. The rate change of yield stress and viscosity coefficient of the real-time mixture is faster and the mixture is easily compacted. After the third load cycle, the rate of change of yield stress and viscosity coefficient of AC-13 began to decrease. After the fourth load cycle, the rate of change of yield stress and viscosity coefficient of SAC-13 also began to decrease, and the mixture began to become more difficult to compact. In Figure 11 , as the number of load cycles increases, the air voids decreases. SAC-13 contains more coarse aggregates than AC-13 and the theoretical air voids should be relatively large. However, it can be seen that, as the number of load cycles increases, the air voids of SAC-13 begins to be less than AC-13. This shows that, the more coarse aggregate, the air voids is not necessarily greater, and the mixture is not necessarily harder to compact. The tendency of air void curves implies that AC-13 was becoming more difficult to be compacted. E1 is the elastic modulus, which is known as an index to measure the instantaneous difficulty of elastic deformation of materials. The larger the value, the greater the ability to resist deformation. In Figure 11 , as the number of load cycles increases, the air voids decreases. SAC-13 contains more coarse aggregates than AC-13 and the theoretical air voids should be relatively large. However, it can be seen that, as the number of load cycles increases, the air voids of SAC-13 begins to be less than AC-13. This shows that, the more coarse aggregate, the air voids is not necessarily greater, and the mixture is not necessarily harder to compact. The tendency of air void curves implies that AC-13 was becoming more difficult to be compacted. E 1 is the elastic modulus, which is known as an index to measure the instantaneous difficulty of elastic deformation of materials. The larger the value, the greater the ability to resist deformation. Figure 12 presents that E 1 for SAC-13 stable as the number of load cycles changes, because the asphalt cement has strong fluidity at high temperature, and the elastic modulus of the mixture is mainly expressed as the elastic modulus of the aggregate skeleton in this state. The difference in the elastic modulus of the two grades is mainly due to the large amount of coarse aggregate and the high void ratio. In Figure 11 , as the number of load cycles increases, the air voids decreases. SAC-13 contains more coarse aggregates than AC-13 and the theoretical air voids should be relatively large. However, it can be seen that, as the number of load cycles increases, the air voids of SAC-13 begins to be less than AC-13. This shows that, the more coarse aggregate, the air voids is not necessarily greater, and the mixture is not necessarily harder to compact. The tendency of air void curves implies that AC-13 was becoming more difficult to be compacted. E1 is the elastic modulus, which is known as an index to measure the instantaneous difficulty of elastic deformation of materials. The larger the value, the greater the ability to resist deformation. Figure 12 presents that E1 for SAC-13 stable as the number of load cycles changes, because the asphalt cement has strong fluidity at high temperature, and the elastic modulus of the mixture is mainly expressed as the elastic modulus of the aggregate skeleton in this state. The difference in the elastic modulus of the two grades is mainly due to the large amount of coarse aggregate and the high void ratio. E2 is the viscoelastic deformation modulus, which characterizes the viscoelastic recovery effect of the mixture. It can be seen from Figure 13 that, as the number of load cycles increases, E2 decreases, and its ability to resist deformation decreases. The viscoelastic viscosity coefficient η2 characterizes the viscous effect of the viscoelastic process of the mixture, which reflects the ability of the asphalt mixture to resist the deformation during the viscoelastic phase. Figure 13 presents that η2 becomes larger as the number of load cycles increases, and the ability of the mixture to resist deformation becomes larger. The change in the two parameters is because, as the number of load cycles increase, the temperature decreases and the viscosity of the asphalt decreases. The difference in viscosity coefficients between the two grades is due to temperature differences and gradation differences, it can be summarized that the increasing rate of η2 for AC-13 proves the difficulty in compaction.
(a) (b) Figure 13 . Viscoelastic parameters change with the load cycle times; (a) E2 change with the load cycle E 2 is the viscoelastic deformation modulus, which characterizes the viscoelastic recovery effect of the mixture. It can be seen from Figure 13 that, as the number of load cycles increases, E 2 decreases, and its ability to resist deformation decreases. The viscoelastic viscosity coefficient η 2 characterizes the viscous effect of the viscoelastic process of the mixture, which reflects the ability of the asphalt mixture to resist the deformation during the viscoelastic phase. Figure 13 presents that η 2 becomes larger as the number of load cycles increases, and the ability of the mixture to resist deformation becomes larger. The change in the two parameters is because, as the number of load cycles increase, the temperature decreases and the viscosity of the asphalt decreases. The difference in viscosity coefficients between the two grades is due to temperature differences and gradation differences, it can be summarized that the increasing rate of η 2 for AC-13 proves the difficulty in compaction. the asphalt mixture to resist the deformation during the viscoelastic phase. Figure 13 presents that η2 becomes larger as the number of load cycles increases, and the ability of the mixture to resist deformation becomes larger. The change in the two parameters is because, as the number of load cycles increase, the temperature decreases and the viscosity of the asphalt decreases. The difference in viscosity coefficients between the two grades is due to temperature differences and gradation differences, it can be summarized that the increasing rate of η2 for AC-13 proves the difficulty in compaction.
(a) (b) Figure 13 . Viscoelastic parameters change with the load cycle times; (a) E2 change with the load cycle times; and, (b) η2 change with the load cycle times.
Conclusion
Based on the common Nishihara model, this paper establishes a constitutive equation for the nonlinear Nishihara model by considering the influence of nonlinearity and temperature stress of asphalt mixture. The MTS compaction test obtained the stress-strain curve and the time-strain curve, and the viscoelastic-plastic parameters were solved on this basis. Finally, the model parameters were substituted into the constitutive equation to verify, and the viscoelastic-plastic parameters of the two graded asphalt mixtures are analyzed. 
Based on the common Nishihara model, this paper establishes a constitutive equation for the nonlinear Nishihara model by considering the influence of nonlinearity and temperature stress of asphalt mixture. The MTS compaction test obtained the stress-strain curve and the time-strain curve, and the viscoelastic-plastic parameters were solved on this basis. Finally, the model parameters were substituted into the constitutive equation to verify, and the viscoelastic-plastic parameters of the two graded asphalt mixtures are analyzed.
1.
The nonlinear Nishihara model has the advantages of being intuitive, simple in theory, and possessing easy to solve parameters. A loading and unloading MTS compaction test is effectively utilized to calculate the parameters. The calculation curve is compared with the test curve, and it is verified that the rheological properties of the hot mix asphalt in the compaction process can be indirectly characterized by the nonlinear Nishihara model.
2.
The results prove that the nonlinear Nishihara model is useful in distinguishing the flow behavior undergoing a load and unloading compaction. The compaction of asphalt mixture mainly produces plastic deformation, which is mainly manifested by changes in viscos and plastic parameters (σ es , η 1 , and η 2 ), rather than the elastic parameter (E 1 ). The differences in sensitive parameters (σ es , η 1 , and η 2 ) reflect that the gradation and temperature have certain influence on the compaction characteristics of the asphalt mixture. 3.
Only two asphalt mixtures and one stress were included in this paper. The next step will be aiming at studies regarding the compaction properties subjected to various grades, different modified asphalts, and stress at different temperatures via the Nishihara model. 
